The transcription factor PLZF [promyelocytic leukemia zinc finger, encoded by zinc finger BTB domain containing 16 (Zbtb16)] is induced during the development of innate and innate-like lymphocytes to direct their acquisition of a T-helper effector program, but the molecular mechanisms involved are poorly understood. Using biotinylationbased ChIP-seq and microarray analysis of both natural killer T (NKT) cells and PLZF-transgenic thymocytes, we identified several layers of regulation of the innate-like NKT effector program. First, PLZF bound and regulated genes encoding cytokine receptors as well as homing and adhesion receptors; second, PLZF bound and activated T-helperspecific transcription factor genes that in turn control T-helper-specific programs; finally, PLZF bound and suppressed the transcription of Bach2, a potent general repressor of effector differentiation in naive T cells. These findings reveal the multilayered architecture of the transcriptional program recruited by PLZF and elucidate how a single transcription factor can drive the developmental acquisition of a broad effector program.
The transcription factor PLZF [promyelocytic leukemia zinc finger, encoded by zinc finger BTB domain containing 16 (Zbtb16) ] is induced during the development of innate and innate-like lymphocytes to direct their acquisition of a T-helper effector program, but the molecular mechanisms involved are poorly understood. Using biotinylationbased ChIP-seq and microarray analysis of both natural killer T (NKT) cells and PLZF-transgenic thymocytes, we identified several layers of regulation of the innate-like NKT effector program. First, PLZF bound and regulated genes encoding cytokine receptors as well as homing and adhesion receptors; second, PLZF bound and activated T-helperspecific transcription factor genes that in turn control T-helper-specific programs; finally, PLZF bound and suppressed the transcription of Bach2, a potent general repressor of effector differentiation in naive T cells. These findings reveal the multilayered architecture of the transcriptional program recruited by PLZF and elucidate how a single transcription factor can drive the developmental acquisition of a broad effector program.
PLZF | NKT | lymphocyte | development N atural killer (NK) T (NKT) cells are a conserved population of innate-like T cells that express CD1d-restricted semi-invariant αβ T-cell receptors (TCRs), using mostly the Vα14-Jα18 chain in mouse (Vα24-Jα18 in human) combined with variable Vβ8, Vβ7, and Vβ2 (Vβ11 in human) chains, which confer recognition of conserved self and foreign lipids (1) (2) (3) . NKT cell precursors arise during thymic development at the CD4 +
CD8
+ double-positive stage and undergo massive expansion on interaction with CD1d ligands expressed on cortical thymocytes. They also characteristically acquire an effector CD44 hi CD62L lo phenotype along with receptors of the NK cell lineage. The innate-like effector functions of NKT cells are illustrated by the cells' ability to promptly secrete large quantities of both IL-4 and IFN-γ either after TCR activation or on exposure to tissue-and antigen-presenting cell-derived cytokines, such as IL-25+IL-33 and IL-12+IL-18, respectively. Whereas C57BL/6 mice produce predominantly NKT cells with a T-bet-dependent type 1 helper phenotype (NKT1), other strains, including BALB/c, also express substantial populations of so-called NKT2 and NKT17 cells with polarized type 2 and type 17 helper programs controlled by GATA3 and RORγt, respectively.
The BTB-zinc finger transcription factor PLZF (promyelocytic leukemia zinc finger, encoded by Zbtb16), is specifically expressed in NKT cells, but not in conventional T cells or NK cells, and directs the acquisition of several key components of the NKT cell effector program during development, including cytokine and migration properties (4-7). Mutations or deletion of Zbtb16 abrogate both the expansion and the effector-memory differentiation of NKT cells, resulting in reversal to a naive phenotype and redistribution to the lymph nodes and circulating blood. PLZF expression is also essential for the development of other innate-like T cells, including MR1-specific semi-invariant αβ T cells and γδ T cells expressing the Vγ1.1-Vδ6.3 TCR (4, 8) . Importantly, ectopic expression of PLZF in the CD4 lineage during thymic development converts conventional naïve CD4
+ thymocytes into CD44 hi CD62L lo effector cells capable of producing both type 1 and type 2 cytokines (9, 10), suggesting that PLZF is not only required, but also sufficient, for acquisition of the innate T-cell effector program. Notably, PLZF was recently found to be transiently expressed during the development of innate lymphoid cells (ILCs), defining a common dedicated precursor to ILCs, the ILCP, and to significantly impact the development and function of ILC lineages (11, 12) . Taken together, these findings indicate a broad defining role of PLZF in the differentiation of several innate and innate-like lymphocytes. The molecular mechanisms underlying these remarkable properties of PLZF are only partially understood. In a γδTCR transgenic mouse model, the genetic inactivation of PLZF was found to compromise expression of the transcription factors Id2 and c-Maf, which are important for the survival of NKT cells in the liver and the production of IL-4, respectively (13) . PLZF is essential for the expression of genes encoding cell surface receptors that shape responses to external stimuli, including costimulatory receptor Icos and cytokine receptors Il12rb1 and Il18r1, as well as Cd44. In addition, PLZF down-regulates Sell, which encodes the homing receptor CD62L. The precise molecular mechanisms underlying these regulatory properties, and in particular the question of whether PLZF directly or indirectly controls the expression of effector genes, have not yet been elucidated, however.
Here, using biotinylation-based ChIP-seq and microarray analysis, we identified the PLZF target genes in NKT cells. We found that many of the genes involved in the acquisition of an innate effector program, including T-helper-specific transcription factors, Significance Natural killer T (NKT) cells are a specialized population of innate-like T cells that acquire their effector program during development under the control of the transcription factor PLZF (promyelocytic leukemia zinc finger, encoded by Zbtb16). To elucidate the mechanisms underlying this unique property of PLZF, we performed ChIP-seq and microarray analysis of NKT cells and PLZF-transgenic T cells, which revealed direct regulation of effector genes and of T-helper-specific transcription factors. Notably, PLZF also bound and repressed Bach2, a global repressor of effector differentiation. Thus, multiple layers of positive and negative regulation coordinate the induction of the innate effector program by PLZF.
cytokine receptors, and other key surface receptors, are directly bound by PLZF. Notably, we also found that PLZF binds and suppresses Bach2, a broad and potent regulator of effector programs. These results elucidate how a single transcription factor can act at multiple levels to regulate the developmental acquisition of the innate effector gene program.
Results

PLZF Predominantly Binds DNA at Regulatory Sites Carrying Consensus
Sequences for ETS, RUNX, and E Proteins. We identified the direct targets of PLZF in NKT cells through ChIP-seq analysis. Because ChIP-seq with various anti-PLZF antibodies was not successful in NKT cells, we generated a transgenic strain expressing a biotin acceptor peptide and a 3×Flag at the N terminus of PLZF (A/F/ PLZF tg) under control of the Cd4 promoter, and crossed it to mice expressing a bacterial biotin ligase BirA transgene. In these mice, PLZF could be specifically biotinylated in vivo without altering its interaction with major binding partners, such as CUL3 and HDAC1, or its effector-promoting function (Fig. S1 ). We used magnetic streptavidin bead pull-down of chromatin from A/F/PLZF tg; BirA tg thymocytes (referred to as Tg thy) or from purified Vα14-Jα18 tg; A/F/PLZF tg; BirA tg NKT thymocytes (referred to as NKT cells) before DNA sequencing. Using the model-based analysis of ChIP-seq (MACS) peak calling software with a P value threshold of 1e-5, we identified 5,198 peaks in the Tg thy and 4,246 peaks in the NKT cells, of which 2,579 peaks were shared ( Fig. 1 A and B) .
Visual comparison of peaks in the Tg thy and NKT cells confirmed that the binding landscape of PLZF was largely overlapping in both mouse models. Even when a peak was called in only one model, close inspection often revealed a subthreshold accumulation of reads in the other model. In fact, the analysis of enrichment for consensus sequences produced similar results in both sets of peaks and in the shared peaks. PLZF binding sites were overrepresented in the upstream and intronic regions of genes (Fig.  1C) . Density plot analysis suggested that most gene-related peaks were within 10 kb of transcription start sites (TSS) (Fig. 1D) .
To explore whether PLZF binding sites contain consensus binding motifs, we examined peaks for the presence of known and novel motifs. The top three motifs, which together account for more than 60% of PLZF-occupied sites, contained consensus sequences for ETS, E proteins, and RUNX factors ( Fig. 1 E and  F) . In support of these findings, comparison with published ETS1 ChIP-seq analysis of CD4 T cells (14) revealed that nearly 60% of PLZF binding sites identified in NKT thymocytes overlapped with ETS1 peaks in CD4 T cells ( Fig. 1 G and H) . In contrast, only minor fractions of PLZF binding sites overlapped with published GATA3 (15) and EGR2 (16) ChIP-seq peaks in NKT cells. Similar findings were obtained by comparing the ChIP-seq profiles of Tg thy and NKT cells with a large database containing thousands of ChIP-seq data from a variety of cell types. In addition, >95% of shared PLZF binding sites were found to be DNase-accessible in CD4 T cells (Fig. 1G ). These results suggest that rather than binding its own specific DNA motif, PLZF predominantly binds close to canonical transcription factors prominently expressed in lymphoid cells.
We also performed a ChIP-seq analysis of the human myeloid KG1a cell line (17) , which naturally expresses PLZF and in which anti-PLZF antibodies efficiently pull down chromatin, to compare peaks across different cell types. Interestingly, the most strongly enriched consensus motif in the PLZF KG1a ChIP-seq peaks was for nuclear respiratory factor 1 (NRF1). This motif was not significantly enriched in NKT cells, indicating that PLZF likely binds different landscapes of regulatory elements in the two cell types (Fig. S2) . A canonical ETS motif similar to the top consensus sequence in NKT cells was also found in KG1a, however, indicating overlap between the different cell types. No.
1e-34 2A. Thus, PLZF was required for 168 genes (in regions C1, C3, C4, and C6), sufficient for 223 genes (in C1, C2, C5, and C6), and necessary and sufficient for 55 genes (in C1 and C6). There was no example of discordant gene regulation by PLZF in NKT vs. PLZF Tg cells. Notably, similar frequencies of genes were up-regulated or down-regulated in the presence of PLZF. Of the 336 PLZFregulated genes identified in C1-C6 and displayed in a heat map across the four T-cell populations (Fig. 2B) , on average 43% were directly bound by PLZF, as determined by ChIP-seq analysis.
We isolated a group of 70 PLZF-regulated "immune" genes and broke them down by such categories as transcription regulators, cytokines/chemokines and their receptors, and other cell surface molecules (Fig. 2C) . These immune genes were bound by PLZF, as denoted by asterisks in the figure, at frequencies ranging from 52% for surface receptors to 80% for transcription factors. Thus, PLZF directly binds a majority of PLZF-regulated immune effector genes, many of which have critical functions in the NKT cell effector program, as detailed below.
PLZF Binds and Controls Key Homing and Adhesion Receptor Genes.
Among the key genes whose down-regulation characterizes the NKT cell effector program is Sell, which encodes CD62L and is required for recirculation to lymph nodes. PLZF directly bound this gene in both NKT cells and Tg thy (Fig. 3A) . Furthermore, PLZF also bound and down-regulated the transcription factor Klf2, a major positive regulator of Sell (20, 21) (Fig. 3B) . Another key direct target of PLZF, Cd44, encodes an adhesion receptor (Fig. 3C) . Thus, PLZF directly regulates the CD44 hi CD62L lo nonrecirculating effector phenotype of NKT cells.
PLZF Binds and Controls Critical Cytokine Receptors and Chemokine
Receptors. A major function of NKT cells is to respond to cytokines, such as IL-12 and IL-18, produced by dendritic cells (DCs) by secreting abundant IFN-γ, even in the absence of exogenous antigen (22) (23) (24) (25) . PLZF directly bound and regulated Il12rb1 and Il18r1, as well as Ifngr1, in both NKT cells and Tg thy (Fig. 3 D-F) . PLZF also bound and repressed Il21r (Fig. 3G ). In addition, PLZF bound and activated Ccr4, which encodes a chemokine receptor that enables cell attraction toward CCL17-producing DCs and enhances the cross-presentation of antigen to CD8 T cells (Fig. 3H) (26) . PLZF also bound and induced Icos, which can engage the ICOS ligand to activate DCs (Fig. 1H) (27) .
PLZF Indirectly Controls Cytokine Secretion and T-Helper Function by
Binding T-Helper-Specific Transcription Factors. Although PLZF did not bind cytokine loci encoding IL-4, IL-13, IFN-γ, or IL-17 ( Fig.  S3) , it did directly bind and/or activate multiple T-helper-specific transcription factors (Fig. 4) . These factors included Gata3, c-Maf, Runx3, Rorc, and Rora, as was also confirmed by ChIP-quantitative PCR (qPCR) for Gata3 and c-Maf. Notably, there was no detectable binding to Tbx21, suggesting that its up-regulation in NKT cells may be mediated by another pathway, perhaps through Runx3, which was bound by PLZF. PLZF also directly bound and repressed Bcl6 (Fig. 4G) , which controls T follicular helper (Tfh) cell function, perhaps explaining the relatively weak Tfh potential of NKT cells (28) .
PLZF Binds and Represses Bach2, a Broad Suppressor of T-Helper
Effector Genes. One of the most profoundly repressed genes in both NKT cells and PLZF-transgenic T cells was Bach2 (Fig. 2) , a transcription factor that is normally mostly expressed in naïve T cells and down-regulated in effector T cells. Bach2 has recently emerged as a broad, direct repressor of T-helper effector genes and is one of the genes most conspicuously associated with autoimmune diseases in multiple genome-wide association studies (29) (30) (31) . We confirmed that Bach2 was down-regulated at the protein level in both NKT thymocytes and PLZF Tg CD4 SP thymocytes compared with WT CD4 SP thymocytes (Fig. 5A) . Furthermore, PLZF showed extensive binding to multiple enhancer regions of Bach2 in the ChIP-seq analysis of both NKT thymocytes and PLZF-transgenic thymocytes, which was confirmed by ChIP-qPCR (Fig. 5B) , supporting direct repression of Bach2 transcription by PLZF in NKT cells.
Discussion
By combining ChIP-seq analysis with PLZF gain-of-function and loss-of-function studies, we have elucidated several molecular mechanisms that together explain how PLZF alone can direct the acquisition of a broad effector program during T-cell development. PLZF was found to bind and modulate several of the key genes involved in homing and migration, interaction with DCs, and responsiveness to cytokines and chemokines. Although PLZF did not seem to directly regulate cytokine genes, it did bind and broadly activate the T-helper-specific transcription factors c-Maf and Gata3, controlling Th2 cytokines, and Rorc and Rora, controlling Th17 cytokines; however, Tbx21 was not bound by PLZF, suggesting that its regulation is indirect. Finally, PLZF was a strong repressor of Bach2, which has been implicated in maintaining the resting state by broadly suppressing multiple T-helper effector genes (29, 31) . Although ChIP-seq binding does not prove direct regulation, the systematic association of binding and regulation for many key genes of the NKT effector program is compelling evidence for direct regulation by PLZF. Taken together, these results explain how PLZF alone can function at different levels to recruit a broad effector gene program. Although PLZF contains nine zinc fingers at its carboxy terminus, some of which have been proposed to bind DNA in a sequence-specific manner in myeloid cell types, ChIP-seq analyses have not been reported, and a consensus binding sequence has not emerged (32) (33) (34) (35) (36) . Our study suggests the possibility that rather than binding a specific consensus motif, PLZF may occupy regulatory regions associated with other canonical lymphoid transcription factors, such as ETS, E protein, and RUNX. In support of this conclusion, the genetic disruption of each of these factors has been linked with NKT cell developmental defects (37) (38) (39) ; however, although PLZF is associated with various proteins, none of these transcription factors has been detected in these complexes (40) . Thus, the link between PLZF and these transcription factors remains elusive.
PLZF also controls the differentiation of other innate-like T cells, including Vγ1.1-Vδ6 T cells and MR1 T cells (4, 8, 13, 41) , as well as the development and function of ILCs (11), particularly ILC2s. Furthermore, the expression of canonical PLZF target genes, such as c-Maf, Icos, and Sell, is reportedly altered in the absence of PLZF in some of these populations, suggesting overlapping targets in these different lineages (11, 13) .
In summary, our study elucidates how a single transcription factor can broadly control the T-helper effector program acquired by innate-like NKT cells during thymic differentiation, providing a sharp contrast with the cytokine-driven mechanisms underlying T-helper differentiation in conventional T cells.
Materials and Methods
Mice. C57BL/6J (stock no. 000664) and C57BL/6-Zbtb16 lu /J (Luxoid) mutant (stock no. 000100) mice were obtained from The Jackson Laboratory. The C57BL/6.Vα14-Jα18 transgenic (42) [C57BL/6-Tg (Cd4-TcraDN32D3)1Aben/J] (stock no. 14639) and the PLZF transgenic (4) [C57BL/6-Tg(Cd4-Zbtb16) 1797Aben/J] (stock no. 14644) mice were maintained in our laboratory. The generation of A/F/PLZF-transgenic mice and their cross to the BirA-transgenic strain are described in SI Materials and Methods. All mice were raised in a specific pathogen-free environment at the University of Chicago, and all experiments were performed in accordance with the guidelines of the university's Institutional Animal Care and Use Committee.
Flow Cytometry and MACS Enrichment. CD1d-αGalCer tetramers were obtained from the National Institutes of Health's tetramer facility. The following fluorochrome-labeled monoclonal antibodies were used: CD1d (1B1), CD3e (17A2), CD4 (L3T4), CD8α (53-6.7), CD24 (M1/69), CD25 (PC61), CD45.2 (104), CD44 (IM7), CD62L (MEL-14), NK1.1 (PK136), and TCRβ (H57-597). All antibodies were purchased from eBioscience, BD Biosciences, or BioLegend. PLZF antibody (sc-28319; Santa Cruz Biotechnology) was conjugated to Alexa Fluor 647 using an Invitrogen A-20186 labeling kit. For intracellular PLZF detection, cells were fixed and permeabilized using the eBioscience Foxp3 Staining Buffer Set.
For NKT cell MACS enrichment, cells were labeled with PE-conjugated CD1d-αGalCer tetramers, bound to anti-PE magnetic beads, and enriched on an autoMACS cell separator (Miltenyi Biotech). Samples were analyzed on an LSRII flow cytometer (BD Biosciences) or sorted on a FACSAria cell sorter (BD Biosciences), with doublet exclusion and DAPI staining of dead cells in most experiments. Data were analyzed with FlowJo (Tree Star). obtained from WT and lu/lu Vα14-Jα18 tg mice using TRIzol (Thermo Fisher Scientific), followed by column purification using the RNeasy Mini Kit (Qiagen). RNA integrity was assessed using an Agilent 2100 Bioanalyzer; all samples used for hybridization had an RNA integrity number >9.3. Total RNA was used to synthesize cDNA, which was then fragmented and hybridized according to For ChIP-qPCR analysis, the fold enrichment is normalized relative to enrichment at the promoter region of reference gene Amhr2. Data are shown as mean ± SD of two to four independent experiments. *P < 0.05, **P < 0.01.
